This paper reports the basic results that have been obtained at the SRC RF TRINITI (the former Branch of the Kurchatov Institute of Atomic Energy). The work deals with the development of high power discharge produced plasma EUV sources that can meet the requirements of high volume manufacturing lithography tools. Solving the problem of extremely high thermal loads on the electrodes of a EUV source by moving away the electrode surfaces from the plasma and using both multi-discharge systems and rotating Sn-covered disc electrodes is discussed.
Introduction
The very rigid requirements of a source for high volume manufacturing (HVM) EUV lithography have been formulated up-to-date in [1] . Such a source should ensure a 115 W EUV power in the intermediate focus of the collecting optics in a 2% bandwidth around 13.5 nm (i.e. in-band), a small size of the EUV radiating plasma pinch (about 1 mm), a high pulse repetition rate (7-10 kHz) and a good pulse-to-pulse repeatability (3σ about 1%). In addition, a long lifetime and minimum debris are among the obligatory requirements of such a source.
Basically, Xe and Sn are being investigated as plasma materials in EUV sources. Recent work on the discharge produced plasma (DPP) source development [2] [3] [4] [5] [6] [7] demonstrated the advantages and problems of different approaches. DPP sources using Xe seem to be 'purer' because in these sources the discharge occurs between the electrodes, which usually have high melting and vaporization temperatures (W, Mo) and the level of debris produced in these sources is not too high. On the other hand, it is known that the EUV radiation with a wavelength of around 13.5 nm is generated in the Xe plasma by one Xe ion species having a charge of +10. The peak of this radiation is not too intensive and one can expect a conversion efficiency (CE) of not more than 1% bandwidth and a 2π sr solid angle.
To ensure 115 W EUV power in the intermediate focus at a CE of about 1% and taking into account radiation losses due to the collecting optics, the spectral cleanliness of the radiation and debris mitigation, the electrical power dissipated in the discharge should be about 100 kW [8] . The problem of heat removal at such a power level, probably, is unlikely in a single discharge unit.
The direct way of lowering the thermal load on DPP source elements is to increase the CE. It is known that Sn ions have a very intensive peak around 13.5 nm [9, 10] . In contrast to Xe, this Sn peak is formed by emission from many excited states of such ions as Sn +7 , Sn +8 , Sn +9 , Sn +10 , Sn +11 and Sn +12 , and one can expect that in such DPP sources using Sn the CE can be much greater than 1% in-band in 2π sr [9, 10] . In recent papers [11, 12] a CE of about 2% has already been reported in Sn sources. Sn vapours are a working material in Sn sources, and their high concentration is the basis of the production of the required EUV power, i.e. the problem of optics protection against debris for a Sn source becomes more difficult than for Xe sources.
Even if the CE 2%, the problem of the electrode lifetime at the required EUV power and the necessary time-duration of continuous operation is extremely complex. The results of our investigations of DPP sources both with Xe and Sn are presented, and some potential ways for achieving of the required HVM EUV source parameters are discussed.
EUV sources using Xe
Analysis of discharge configurations that permit the plasma to be heated up to the temperatures, of about 30 eV, required to emit EUV radiation around 13.5 nm has resulted in our choice of such known discharge configurations as the dynamic pinch [13] and the classical Z-pinch [14] , which were investigated in the 1950s in controlled nuclear fusion programmes. These configurations permitted the removal of a high-temperature plasma area from the electrode and dielectric surfaces and, thereby, a reduction of plasma-surface interactions. In [13] several tens of kilojoules were put into the plasma and the authors noticed a good stability of the plasma pinch, about 60 cm long. Our task was to create a plasma pinch with a required size of about 1 mm in configurations similar to those presented in [13, 14] . The energy dissipated in the plasma was not to be too large to ensure the required high pulse repetition rate. In the SRC RF TRINITI investigations of EUV (DPP) sources have been carried out since 1999. Part of this work was supported by the XTREME technologies. Having started from large-size plasma pinches of 20 mm length and 1 mm diameter [15, 16] , then [17, 18] we matched the pinch size and the emission solid angle to the requirements of a HVM lithography tool [1] .
An electrode configuration similar to that of the dynamic pinch that we started investigating in 2000 is shown in figure 1 . A high-voltage electrode (HVE) (usually cathode) was made as a copper flange with a spherical concavity of radius R. A ceramic insulator with a borehole of diameter D separated the HVE from a copper ring grounded electrode. For the creation of a homogeneous plasma envelope we have attempted [19] and achieved preliminary gas ionization by an auxiliary sliding discharge on a cylindrical dielectric surface. The sliding discharge provided ignition of the homogeneous surface discharge discharge in the main discharge gap, improved a pulse-topulse repeatability of EUV radiation and, as a result, raised the efficiency of the EUV emission from the plasma to the final stage of pinch formation. The pulse power system, including two steps of magnetic compression, allowed us to vary the stored energy from 10 to 30 J and provided a maximum discharge current with an amplitude of about 50 kA. The EUV signal correlated with the moment of occurrence of a feature on the discharge current oscillogram. The typical duration of the EUV pulse was around 40 ns. The EUV power was measured by a standard calibrated measuring tool provided to us by XTREME technologies. In our initial experiments an electrode configuration with R = 25 cm and a ceramic disc with D = 3 mm were utilized. A test of this electrode configuration with several millions of pulses has shown that electrode erosion is insignificant. However, the borehole diameter in the ceramic disc made from Si 3 N 4 is enlarged rather fast due to ceramic erosion. In the following experiments with this electrode configuration, we increased D up to 20 mm. The results of a study performed with D = 20 mm showed that the plasma pinch length for a single pulse was 1.8 mm (FWHM). After integrating 20 pulses the apparent plasma pinch length increased up to 5.6 mm (FWHM) at 1000 Hz, which illustrated a point-to-point instability along the Z-axis. Nevertheless optimization of R and D as well as choice of the form and material of the ceramic insulator in a modernized electrode configuration as shown in figure 1 allows one to obtain a pinch length of about 2.8 mm (FWHM) and a diameter of about 0.4 mm (FWHM) at 1000 Hz.
In the modernized source the EUV power measured by the measuring tool at 1.2 m from the plasma pinch is shown in figure 2 against the repetition rate. We defined the CE as the ratio of the EUV power measured at a distance of 1.2 m to the electrical power dissipated in the discharge. The CE was around 0.5% in-band in 2π sr. The EUV power during continuous operation of the modernized source is shown in figure 3 operation of the source was probably caused by contamination of the mirrors into the measuring tool. The weighing of the copper electrodes before and after this test showed that the reduction of the cathode and anode weight did not exceed 6 × 10 −8 g per pulse. At the same time erosion of the ceramic isolator was not noticed.
The smaller sizes of the plasma pinch were obtained in the electrode configuration shown in figure 4 , which is close to the classical Z-pinch. In the configuration of figure 4 the plasmaelectrode distance was reduced in comparison with that of figure 1 . A sliding discharge pre-ionization was also used. At the same time we improved the water-cooling system to remove heat from the copper electrodes with tungsten inserts. The Xe pressure in the discharge area was about 45 mTorr. As Xe in the vacuum chamber outside the discharge absorbs the EUV radiation, the measurable EUV power depends both on the distance between the plasma pinch and the measuring tool and the residual Xe pressure, which, in turn, depends on the pump speed. This is illustrated by the dependences shown in figure 5 , which were obtained from the electrode configuration shown in figure 4 . Curves 1 and 2 were obtained when the measuring tool was placed at 1.2 m and 0.80 m from the pinch, respectively. Curve 3 was obtained when the EUV radiation on its way from the pinch to the measuring tool passed both the distance 0.2 m through the Xe gas filling the main chamber and 0.6 m through the He gas filling a special tube in order to reduce the absorption of the EUV signal being measured. Curve 4 was obtained from a calculation taking into account the absorption of the EUV radiation by Xe. It gives the value of the EUV power just near the plasma pinch, the so called intrinsic EUV power. Curve 4 shows that the intrinsic EUV power reaches about 200 W in-band in a 2π sr solid angle. The intrinsic conversion efficiency (ICE) can be presented as the ratio of the EUV power just near the plasma pinch region to the electrical power, W d , dissipated in the discharge. Figure 6 gives the ICE dependence on the electrical energy, E d , dissipated in the discharge. The optimum values of E d were in the range of 10-16 J per pulse, for which a maximum ICE of about 1.2% was reached. At this condition the CE is about 0.48%. The Xe emission spectrum measured with XTREME technologies for the electrode configuration of figure 4 is shown in figure 7 . The 2% bandwidth around the 13.5 nm wavelength corresponding to an effective reflection band of the set of Mo/Si-mirrors in the EUV lithography tool is indicated by two vertical lines in figure 7 .
Images of the pinch emission area were produced with a EUV sensitive pinhole camera employing a back-illuminated CCD array and a 0.2 µm free-standing Zr filter covering a pinhole of 0.1 mm diameter in order to cut off the radiation emitted in the visible and UV regions. The pinhole camera was equipped with software to determine the plasma pinch size, its standard deviation and point-to-point stability. Using the pinhole camera technique, we managed to obtain images in a single pulse or by integrating 20 pulses at a repetition rate of up to 1000 Hz. It follows from figure 8 that the plasma pinch diameter was determined as 0.22 mm (FWHM) and 0.54 mm (FW 1/e 2 ). The plasma pinch length was determined as 1.1 mm (FWHM) and 3.1 mm (FW 1/e 2 ). The measurements performed demonstrated that the plasma pinch sizes depend on the electrode configuration, the electrical energy, E d , dissipated in the discharge, the Xe pressure and the polarity of the HVE. Besides, it was found that the angular distribution of the EUV radiation depends on the HVE polarity. When the cathode was the HVE the intensities of the EUV radiation measured under different angles to the axis Z were 12.5 (0˚), 13.7 (7˚), 13.9 (20˚) and 13.9 mJ sr −1 (40˚), which shows that the radiation was emitted isotropically. The diagnostic technique used for measuring the EUV power was equipped with software allowing determination of the stability of the EUV output signal as well as other pulse-topulse statistics. Figure 9 demonstrates a good pulse-to-pulse stability corresponding to a standard deviation of σ = 1.9% measured at 1000 Hz. The behaviour of σ during 5 h is shown in figure 9 .
The experiments performed have shown that the lifetime of the source depends on the configuration and materials of its electrodes and dielectric disc, on the method of cooling, on the level of electrical power dissipated in the discharge and on the parameters of the pulsed discharge (voltage, current, pulse duration). In the electrode configuration shown in figure 4 , both the anode and the cathode were fabricated from copper with tungsten inserts. The electrodes were separately cooled by water at a total flow rate of up to 5 litre min −1 . We studied the electrode mass loss for different conditions under continuous operation of the EUV source. The results of one of the tests are shown in figure 10 . During the test the EUV source was operated at different pulse repetition rates, f , and, accordingly, at different levels of W d . For each level of W d , the electrodes were weighed before and after the tests. Thus the mass loss of the electrodes (their erosion) for each level of W d was determined. As it can be seen from figure 10, the source using Xe can provide an intrinsic EUV power of about 250 W in-band in 2π sr at continuous operation. After 45×10 6 pulses the EUV power began decreasing slowly even at W d = 10.5 kW and f = 1.11 kHz. After 85 × 10 6 pulses the EUV output was 120 W. After the replacement of the cathode the level of EUV power at W d = 10.5 kW was practically restored and the source produced 75 million pulses more at 1.11 kHz. In this test the anode operated for 150 million pulses. The erosion for both the cathode and the anode measured after the test at different W d is shown in figure 11 . The anode erosion was higher than the cathode one. From figure 11 it also follows that an increase in W d from 5 to 20 kW does not result in an increase in the erosion. This result contradicts a common opinion that an increase in W d should result in a nonlinear growth of erosion. Probably, it is possible to explain our observation by a phenomenon known as 'vapour shielding', which was studied in detail, e.g. in [20] . The essence of the phenomenon is that under the action of high-power plasma fluxes the wall starts to evaporate intensively, and the vapours of the wall material being ionized by the plasma pinch radiation form a plasma wall layer. This layer protects the wall surface against plasma fluxes. Now it is not clear whether such a phenomenon takes place in the EUV source and further detailed investigations of the electrode erosion mechanism are necessary.
Experiments with electrode configurations similar to those in figures 1 and 4 , where the plasma pinch size was measured as a function of the borehole diameter, D (figure 1), or the internal ceramic tube diameter, D T (figure 4), have shown that an acceptable plasma pinch length (1-3 mm) can be obtained if both D and D T < 20 mm at an E d of about 10 J. According to this the plasma-ceramic distance should be less than 10 mm. Thus, it seems unlikely that ceramics can be kept safe for a long time with a power of 100 kW dissipated in the discharge in any single discharge unit.
One of the approaches to meeting the requirements of the HVM EUV source could be the use of a source containing many discharge units triggered sequentially, so that the total EUV power is provided by the sum of the EUV powers emitted by all the discharge units. An idea of a source with rotating multi-discharge units (RMDU) [21] is that the discharge occurs in one of N discharge units, between two metal discs separated by a dielectric. Both discs are rotated by an electromotor with a rotational speed ν. N couples of coaxial holes in which a discharge can be produced are positioned on a circumference corresponding to diameter B of the disc. The distance between the centres of the holes is C. The discharge is initiated in a fixed zone by means of a fixed ignition system (pre-ionizer). The next discharge is initiated in the same zone in a volume restricted by another couple of holes. The couple of holes inside which the discharge takes place will be used again for producing a discharge after a complete rotation of the discs. Thus in the RMDU source the heat load on the electrodes can be reduced by a factor of N. The dependence of the pulse repetition rate, f , on the main parameters of the RMDU source is determined by the following relation:
For an RMDU source with Xe the size C can be about 3 cm and at a moderate size of B = 0.5 m the rotational speed of the discs should be as high as about 200 revolutions per second to provide f = 10 kHz. However, preliminary investigations have shown that serious technical problems appear at such high rotation speeds concerning electrode vibration and, accordingly, the point-to-point stability of the pinch. Thus, it seems unlikely that the HVM requirements can be met on the basis of a source with Xe without new ideas.
Another approach to reducing the heat load on a single discharge unit is the use of N fixed-in-space discharge units equidistant from a rotating mirror that reflects radiation from each of the discharge units in the direction of the common intermediate focus [22] . The rotating mirror is installed near N intermediate foci symmetrically distributed around the common axis on which the EUV beams are focused by means of N optical collectors. The total EUV flux reflected by the rotating mirrors on the common axis will be the sum of the N fluxes from all the discharge units, and the resulting pulse repetition rate on the common axis will be higher by a factor of N than the pulse repetition rate of each discharge unit. Despite the attractiveness of this approach, it will meet numerous difficulties in the way it is implemented due to its complexity and high cost.
Therefore the best solution for creating a HVM EUV source is to increase the CE. The results of the studies performed have shown that a considerable increase in the CE is possible when using an alternative medium such as Sn vapour, which will be considered in the following section.
Sn vapour and gas mixture-based pinch discharge
In our early experiments with Sn started in 2002, we used the same electrode configuration as shown in figure 4 for Xe. The difference was that the Z-axis of symmetry of the electrodes was vertical and the Sn insert was located at the centre of the HVE as shown in figure 12 . The gas feed and pre-ionization by the auxiliary discharge were carried out using ten holes surrounding the Sn insert. The EUV radiation appearance can be attributed to two discharge phases. In the first phases a pinch is formed in the gas. Then in the second phases the plasma pinch interacts with the Sn insert, producing Sn vapours. The Sn atoms are ionized close to the Sn insert surface and the ions in the states from Sn +7 to Sn +12 emit in the EUV band, including 13.5 nm.
We used various gases (He, N 2 and Ar) to create the plasma pinch for evaporating Sn, but the EUV radiation levels were not significantly modified. This confirms the fact that the EUV radiation is mainly due to Sn. A study of EUV sources with various polarities of the HVE has shown that if the HVE is the anode, the EUV energy can be much greater ( figure 13 ). When the anode was the HVE, the dependence of the EUV energy on the gas pressure has a prominent maximum at 40-80 mTorr. The CE, calculated as the ratio of the EUV energy maximum measured at 1.2 m from the pinch to the energy dissipated in the discharge, was equal to 1.4% in-band for 2π sr. A change in polarity and gas pressure influenced the Sn plasma size. If the anode was the HVE and the EUV energy was maximum, the apparent plasma size after integrating 20 pulses at 400 Hz was 1.3 mm (FWHM) diameter by 2.8 mm (FWHM) long. Figure 14 shows the EUV power of the source using He + Sn as a function of the repetition rate. The EUV power during 2 h continuous operation at 200 Hz is shown in figure 15 . The EUV source operation was stopped after evaporation of the Sn insert. The Sn consumption was estimated to be about 1.8 × 10 −6 g per pulse at 200 Hz. If the repetition rate was increased the Sn consumption grew almost linearly up to 3.6 × 10 −6 g per pulse at 400 Hz. Examination of the electrodes after long-term operation at different repetition rates revealed a complex picture of Sn behaviour. For example, if the anode was the HVE, a Sn mass transfer on the grounded electrode (cathode) was observed. And the hole in the grounded electrode became clogged with Sn as shown in figure 16 . The HVE surface around the Sn insert was also covered with a Sn layer and a crater formed in the Sn insert after long-term operation. The Sn mass transfer processes illustrated in figure 16 probably have an essential influence upon the EUV radiation stability.
The process of Sn mass transfer from the anode to the cathode is caused by electron bombardment of the anode, which produces new Sn atoms and ions. The positive Sn ions are directed to the cathode, where they deposit. In this connection it seems interesting to study a pinch discharge ignited by an electron beam. We carried out experiments with the electrode configuration shown in figure 12 where the initial Sn vapour near the anode was generated by an electron beam. A miniature electron gun was located on the electrode axis such that the electron beam was directed to the centre of the Sn insert. The electron beam pulse duration was about 30 ns and its electron energy was up to 20 keV. The optimum delay of the discharge start with respect to the electron beam current maximum was 1.2 µs. The use of the electron beam allowed the CE be increased up to 1.66% and the EUV energy up to 112 mJ in-band over 2π sr.
Sn pinch discharge initiated by excimer laser
The method of laser-induced vacuum gap breakdown was demonstrated, e.g. in [23] , long ago. With this goal both solidstate and gas lasers can be used. In our experiments we used our KrF laser, which is capable of operating with a pulse repetition rate of up to 6 kHz [24] . The advantage of a laser ignition method is determined by the fact that a laser beam focused on a Sn-covered electrode fixes the point from which the discharge develops. If the initial density of the Sn plasma is great enough and the supply circuit is low inductive, the current rises sharply, increases the amount of evaporating Sn and warms it up to the temperature necessary for effective EUV emission. Figure 17 shows a schematic of a EUV source with laser ignition. The KrF laser beam was focused by a lens on the Sn insert in one of the electrodes placed in the vacuum chamber. An electrical pulse was applied to the electrodes from a pulsed power system. The EUV radiation could be registered on the source axis and at an angle of 40˚to the axis, and for this appropriate flanges were provided in the vacuum chamber. The maximum laser energy was about 90 mJ, the optical system transmission was about 60% and the focal distance of the lens was about 500 mm. The laser beam divergences were about 3 × 10 and about 9 × 10 −4 in two mutually perpendicular directions, which resulted in a spot size of about 0.15 × 0.45 mm 2 on the Sn surface. The angle of incidence of the laser radiation was 6˚to the Sn surface. The maximum power density of the laser radiation was about 2.2 × 10 9 W cm −2 . It is necessary to emphasize that the excimer laser radiation initiated the appearance of Sn vapours and a vacuum gap breakdown only. The main energy dissipation in the discharge and the plasma pinch evolution occurred owing to the electrical energy stored in the pulsed power systems. Nevertheless, our experimental results showed that laser parameters can significantly influence the output parameters of an EUV source. As an example, the EUV energy as a function of the KrF laser energy is given in figure 18 for the electrode configuration where the Sn insert was previously melted. The energy, E d , dissipated in the discharge was about 8 J. A change in E d or use of solid Sn modified this dependence. Figure 19 shows the time dependence of the voltage between the electrodes (top curve) and the EUV signal in the Sn vapour (bottom curve) without a magnetic key in the pulse power system. It is obvious that the EUV pulse can have a multi-spiking structure and its duration can be about 200 ns. The maximum CE was about 2% in-band over 2π sr.
Measurements with a pinhole camera demonstrated that when the cathode was the HVE a very small plasma size was observed; that is, the plasma pinch diameter was 0.3 mm (FWHM) and its length was 0.5 mm (FWHM). These characteristics meet the requirements [1] quite well. Unfortunately these very interesting results were achieved in our Sn source with electrodes in an axial symmetry ( figure 17) where the problem of an extra-high thermal load on the electrode surface is severe and probably insolvable.
Our search for a possible solution to this problem led us to the development of a non-axial-symmetric electrode configuration. Our experiments demonstrated that it is possible to maintain a high CE (about 2%) when making use of the nonaxial-symmetric electrode configuration shown schematically in figure 20 for the EUV source with laser initiation of Sn vapours. In this configuration we can use the EUV radiation of the plasma pinch in the direction perpendicular to the Z-axis [11] .
The measurement with the pinhole camera showed that the image of the plasma emission region ( figure 21 ) is near the Sn surface irradiated by a focused laser beam. If the laser beam was focused on the same point of the solid Sn surface, the EUV energy measured perpendicular to the Z-axis decreased from the pulse-to-pulse even at 10 Hz ( figure 22 ). This decrease can be explained by the formation of a crater on the Sn surface. The crater depth increases from pulse-to-pulse and the plasma emission region descends to the crater bottom. In this case a portion of the EUV radiation does not reach the measuring tool. This can be avoided partially by using an electrode covered with a liquid Sn layer. Here one can expect that the crater will disappear prior to the following discharge pulse and thus the decrease of the EUV energy will be moderate, as it is observed in Figure 22 .
In order to avoid the EUV energy drop and a too high thermal load on the electrode surface, it seems to be a good decision to initiate the next discharge pulse in a new area of the Sn surface. This can be achieved in a source with rotating disc electrodes (RDEs) (figure 23), which is a variant of the RMDU source considered earlier. In the source described in figure 23 the metal disc anode was separated from the metal disc cathode by an insulator. The discs and the insulator were rotated together using an electrical motor. The pulsed power system was connected to the discs by sliding contacts. The electrical energy was delivered to the plasma after breakdown of the electrode gap by a laser beam focused on the disc edge covered with Sn. The rotating edge of the disc can cover with 'fresh' Sn by an apparatus delivering Sn to the edge.
In the device shown in figure 23 the necessary value of discontinuity (C = πB/N) of the discharge units in the RMDU approach can be greatly reduced by using Sn (C about 1 mm) instead of Xe (C about 30 mm). Consequently the disc rotation speed can be decreased in Sn sources, which results in a significant simplification of the design. Moreover, in the source shown in figure 23 the discharge unit is no more a well defined concept as the discharges can be partially superimposed, one on another. In this case it is more correct to call this a RDE source.
The RDE EUV source was tested at a pulse repetition rate up to 3000 Hz, limited by the available pulse power system. The disc rotation speed was only 0.83 revolutions per second. The study of the RDE source demonstrated that the discharge was fixed at the point where the laser beam was focused during electrode rotation. A significant pulse-to-pulse instability of the EUV energy is seen from the series of EUV pulses measured at 3000 Hz (figure 24). The instability observed during the sequence of these EUV pulses can be explained by an insufficient accuracy of RDE manufacture or by the roughness of the Sn surface. As the electrodes are displaced by only 0.4 mm between two neighbouring pulses, the difference in the EUV energy for two neighbouring pulses cannot be explained by any insufficient accuracy in RDE manufacture. The reason for such a poor pulse-to-pulse stability is under investigation now.
The measurements of the EUV energy showed that the maximum EUV energy in some pulses reached about 108 mJ in-band over 2π sr and the average EUV power at 3000 Hz reached 180 W in-band over 2π sr for the RDE source. Figure 25 shows that in the RDE source the plasma pinch sizes are extremely small, that is its diameter is 0.29 mm (FWHM) and 0.62 mm (FM 1/e 2 ) and its length is 0.54 mm (FWHM) and 1.08 mm (FM 1/e 2 ) and these values are insignificantly different from the sizes obtained in the axial symmetric configuration. 
Conclusion
DPP sources using Xe or Sn are investigated as potential sources for HVM EUV lithography. In the DPP sources using Xe the maximum achieved EUV power just near the plasma pinch was 250 W in-band over 2π sr at continuous operation at 1700 Hz. The intrinsic CE was calculated to be 1.2%. As a portion of the EUV radiation was absorbed by neutral Xe in the vacuum chamber, the EUV power measured 1.2 m from the pinch plasma was usually in the range of (60-100) W in-band over 2π sr, depending on the pump conditions of the vacuum chamber, the electrode configuration type and the pulse repetition rate. The CE, determined as the ratio of the EUV power measured 1.2 m from the plasma pinch to the electrical power dissipated in the discharge, was around 0.5%. The electrode erosion measured after long-term continuous operation of the EUV source using Xe at 1000 Hz was determined to be in the range (0.6-3.5) × 10 −7 g per pulse for our electrode configurations.
The investigations of the DPP sources using Sn showed that CE ranges from 1.4% to 2% for the different methods of Sn vapour generation.
It was also shown that a discharge in Sn vapours initiated by the KrF laser remains an effective source of EUV radiation in the non-axial-symmetric electrode configuration. This fact has allowed us to construct an EUV source with RDEs in which the average thermal load on the electrode surface decreases several times in comparison with a source using a single discharge unit. The RDE source was shown to produce a plasma pinch of extremely small size: its diameter was determined as 0.29 mm (FWHM) and 0.62 mm (FWM 1/e 2 ), and its length 0.54 mm and 1.08 mm, accordingly. The RDE source was tested at a pulse repetition rate of up to 3000 Hz. The average EUV power measured 1.2 m from the plasma pinch was around 180 W in-band over 2π sr.
As a result of our investigation of various approaches we think that both in a Xe source with RMDUs and in a Sn source with RDEs it is possible, in principle, to reach the EUV power required for HVM lithography. Creation of such sources requires, indeed, solving a large set of complex technical problems.
Protection of optical elements is probably easier in a RMDU source using Xe; however, the characteristics attained with RDE sources such as a high CE, a small plasma pinch size and an opportunity to reduce the heat load at a low disc rotation speed make such sources the subject of our great interest despite their obvious current disadvantages such as a high level of debris and pulse-to-pulse instability of the EUV radiation.
